A number of Lactobacillus strains produced succinic acid in de Man-Rogosa-Sharpe broth to various extents. Among 86 fresh isolates from fermented cane molasses in Thailand, 30 strains (35%) produced succinic acid; namely, 23 of 39 Lactobacillus reuteri strains, 6 of 18 L. cellobiosus strains, and 1 of 6 unidentified strains. All of 10 L. casei subsp. casei strains, 5 L. casei subsp. rhamnosus strains, 6 L. mali strains, and 2 L. buchneri strains did not produce succinic acid. Among 58 known strains including 48 type strains of different Lactobacillus species, the strains of L. acidophilus, L. crispatus, L. jensenii, and L. parvus produced succinic acid to the same extent as the most active fresh isolates, and those of L. alimentarius, L. collinoides, L. farciminis, L. fructivorans (1 of 2 strains tested), L. malefermentans, and L. reuteri were also positive, to lesser extents. Diammonium citrate in de Man-Rogosa-Sharpe broth was determined as a precursor of the succinic acid produced. Production rates were about 70% on a molar basis with two fresh strains tested. Succinic acid was also produced from fumaric and malic acids but not from DL-isocitric, at-ketoglutaric, and pyruvic acids. The present study is considered to provide the first evidence on the production of succinic acid, an important flavoring substance in dairy products and fermented beverages, from citrate by lactobacilli.
During the study of lactic acid bacteria in fermented cane molasses in Thailand, a number of Lactobacillus strains were isolated which produced succinic acid when grown in MRS (de Man-Rogosa-Sharpe) broth. There are a few papers on the production of succinic acid by lactobacilli. Radler and Yannissis (17, 18) reported the conversion of one-third of the tartaric acid added to a medium to succinic acid through oxaloacetic acid, malic acid, and fumaric acid by a Lactobacillus brevis strain. Whiting (20) observed the production of an appreciable amount of succinic acid from malate by a few Lactobacillus strains isolated from ciders and perries. Cato et al. (3) reported the production of a small amount of succinic acid in glucose broth by L. crispatus.
Succinic acid has a strong salty bitter flavor in addition to its acidic taste and becomes detrimental to the flavor of various fermented beverages at different concentrations (20) . In ciders and wines, 0.1% succinic acid is commonly found, while 0.03% in beers would be considered a high concentration (20) . At high concentrations, the succinic acid flavor may well become objectionable. It is well known that succinic acid is an important flavoring substance in a fermented beverage, sake, in Japan (14) . Lactobacilli are widely distributed in fermented beverages and dairy products (19) . If lactobacilli produce succinic acid, the presence of lactobacilli may be closely related to the flavors of the products. Whether production of succinic acid is a positive or negative trait of lactobacilli as starter cultures or spoilage microorganisms depends on the type of product. Therefore, we were interested in succinic acid production by lactobacilli and its substrate. This paper deals with the determination of succinic acid production from presumed precursors by Lactobacillus strains. b Fresh strains from fermented cane molasses, which were among the most active in succinic acid production. prepared according to methods described previously. Tomato juice extract for Briggs broth was prepared by using commercial canned tomato juice. Modified MRS broths were prepared by omitting individual components to determine which component is responsible for the succinic acid production. Fumaric acid, DL-isocitric acid, a-ketoglutaric acid, DL-malic acid, pyruvic acid, and sodium citrate were tested for production of succinic acid by adding them individually to MRS broth at 2 g/1,000 ml in place of diammonium citrate. Broth media were distributed in test tubes (3 ml each) and sterilized at 115°C for 15 min.
Detection and determination of succinic acid. Strains were grown in MRS broth or modified MRS broths at 35°C, usually for 48 h. Succinic acid was detected by the method of Holdeman et al. (11) . The broth cultures were centrifuged at 1,500 x g, and 0.5 ml of the supernatant was mixed with 0.1 ml of 0.2% malonic acid (as an internal standard), 0.2 ml of 50% H2SO4, and 1 ml of methanol. The mixture was heated in a water bath at 60°C for 30 min for methylation of acids, and then 0.5 ml of distilled water and 0.5 ml of chloroform were added and mixed by gentle inversion of the tube 20 times to extract methylated acids. If an emulsion was formed, the tube was briefly centrifuged to break the emulsion. The chloroform extract (1 Ru) was subjected to gas chromatography (model GC-7A; Shimadzu Ltd., Kyoto, Japan) with a hydrogen flame ionization detector, a column packed with FAL-M (Wako Chemical Industries, Ltd., Osaka, Japan), and a data processor (Chromatopac, model C-RlA; Shimadzu). A standard curve of the peak area for quantitative analysis of succinic acid was prepared from chloroform extracts of a series of known concentrations of methylated succinic acid. The peak area was plotted against the original concentration in uninoculated medium. (5) , and dairy products (8) . In some cases, the presence of lactobacilli has been correlated with "blowing" of the cheeses due to the production of carbon dioxide from citrate (4 products in the citrate breakdown by lactobacilli reported so far are acetate (4, 20) , formate (8), diacetyl (2, 8, 9, 13) , and carbon dioxide (4), depending on the strain or species. Streptococcus diacetilactis and Leuconostoc species also ferment citrate but characteristically produce diacetyl and acetoin (4, 9) . Therefore, the present work is considered to provide the first evidence on the production of succinic acid from citrate by lactic acid bacteria, although there are a few reports about the production of succinic acid from tartarate (17) , malate (20) , and fumarate (20) by some Lactobacillus strains.
RESULTS
The importance of succinic acid as a flavoring compound in dairy products is well known (17) . For a fermented beverage, sake, in Japan, succinic acid is an important flavoring substance (14) . In ciders and wines, 0.1% succinic acid is commonly found, while 0.03% in beers is considered a rather high concentration (20) . At a high concentration, the strong bitter flavor of succinic acid may become objectionable. Citric acid is distributed in a wide variety of raw materials for dairy products (4, 7) and fermented beverages (16, 17) . Lactobacilli also are widely found in dairy products and fermented beverages (19) . Accordingly, if the citric acid is converted to succinic acid by lactobacilli during the fermentation process, the flavor of the fermented products will greatly be influenced.
Among the Lactobacillus strains isolated from fermented cane molasses, the strains of L. reuteri and L. cellobiosus produced succinic acid. The type strain of L. reuteri also produced succinic acid, but that of L. cellobiosus did not. The type strain and two other strains of L. crispatus, by which Cato et al. (3) reported the production of a slight amount of succinic acid in glucose broth, also produced succinic acid from citric acid. The type strain of L. brevis did not degrade citric acid to succinic acid, although Radler (17) observed succinic acid production from tartartic acid by a strain of L. brevis.
The presence of fermentable carbohydrates such as glucose and lactose may influence the extent of citric acid utilization (5) . Evidence presented by Campbell and Gunsalus (2) indicates that lactobacilli may utilize citric acid in the absence of carbohydrates as an energy source. In the present work, the production of succinic acid from citric acid was slightly enhanced in the presence of glucose at 2 days of incubation but not at 7 days of incubation. The slight enhancement of succinic acid production with glucose after incubation for 2 days seemed to be ascribable to faster growth of the Lactobacillus strains using glucose as an energy source. Accordingly, the presence of glucose did not actually influence the production of succinic acid, and citric acid did not always seem to be utilized as an energy source.
The production rates of succinic acid from diammonium citrate were approximately 70% on a molar basis with the two L. reuteri strains, and those from malic and fumaric acids were approximately 60% ( Table 2) . These rates are considered to be relatively high, compared with the production rates of succinic acid from tartarate (17, 18) and malate (20) and in glucose broth (3) by some Lactobacillus strains.
Radler and Yannissis (18) reported that tartaric acid is converted to succinic acid through malic and fumaric acids by an L. brevis strain. In the present work, malic and fumaric acids also were converted to succinic acid by the strains isolated from fermented cane molasses. It is, however, unknown whether citric acid is metabolized to succinic acid through the same biochemical pathway as that used by the L. brevis strain. The mechanism of succinic acid production from citric acid by lactic acid bacteria remains to be investigated. It seems interesting to study the mechanism in connection with the tricarboxylic acid cycle (15) because citric, fumaric, malic, and succinic acids are all members of the tricarboxylic acid cycle.
